Subregional analyses of the hippocampus suggest CA1-dependent memory processes rely heavily upon interactions between the CA1 subregion and entorhinal cortex. There is evidence that the direct perforant path (pp) projection to CA1 is selectively modulated by dopamine while having little to no effect on the Schaffer collateral (SC) projection to CA1. The current study takes advantage of this pharmacological dissociation to demonstrate that local infusion of the non-selective dopamine agonist, apomorphine (10, 15 g), into the CA1 subregion of awake animals produces impairments in working memory at intermediate (5 min), but not short-term (10 s) delays within a delayed non-match-to-place task on a radial arm maze. Sustained impairments were also found in a novel context with similar object-space relationships. Infusion of apomorphine into CA1 is also shown here to produce deficits in spatial, but not non-spatial novelty detection within an object exploration paradigm. In contrast, apomorphine produces no behavioral deficits when infused into the CA3 subregion or overlying cortex. These behavioral studies are supported by previous electrophysiological data that demonstrate local infusion of the same doses of apomorphine significantly modifies evoked responses in the distal dendrites of CA1 following angular bundle stimulation, but produces no significant effects in the proximal dendritic layer following stimulation of the SC. These results support a modulatory role for dopamine in EC-CA1, but not CA3-CA1 circuitry, and suggest the possibility of a fundamental role for EC-CA1 synaptic transmission in terms of detection of spatial novelty, and intermediate-term, but not short-term spatial working memory or object-novelty detection.
Introduction
The experience of encountering objects in a particular context and differentiating the experience from a familiar configuration of objects experienced previously depends heavily upon the active maintenance of spatial and object information and the successful discrimination between the current and internal representation of the environment. Computational models of hippocampal function have proposed that the dorsal CA1 subregion subserves intermediate-term spatial working memory and is anatomically unique, such that information can be processed from inputs arising from both the trisynaptic projections and via the direct perforant path (pp) projection from the entorhinal cortex (EC) [14, 16, 22, 32, 33, 37, 44, 55, 58] . These models suggest that the converging inputs may provide a mechanism for a comparative "match-mismatch" operation between the current sensory environment and familiar information drawn from distributed memory processes, thus facilitating the disambiguation between familiar and novel inputs. It is largely unknown, however, how the converging inputs to CA1 contribute independently to the comparative match-mismatch operation.
In the context of natural exploratory behavior, normal animals (i.e., rats) tend to respond specifically to novel stimuli by increasing their exploratory behavior, whereas, in relation to familiar stimuli, exploration is decreased. Clearly, active maintenance and proper retrieval of the familiar configuration is an important component of the comparator function in order for the animal to match some form of expectation of their environment to the current contextual cues and avoid exploration redundancy. Subregional models of hippocampal function suggest that CA1 function is critical in correctly identifying novel relationships among objects within a particular spatial context, but not necessarily for identifying non-spatial object changes [16, 29, 44, 49] . Furthermore, it is proposed that CA1 is not necessary for shortterm (<5 min), but is specifically invested in intermediate-term (5 min to 24 h) maintenance and retrieval of the familiar spatial context [22, 27, 28, 30, 37, 43, 44, 47, 48, 51, 55, 57] .
Lee and Kesner [26] demonstrated that CA1-lesioned rats have deficits in working memory performance at intermediate, but not short-term, delays on the delayed non-match-to-place (DNMP) eight-arm maze, with no deficits in acquisition. Additionally, Lee and Kesner [30] have shown that blocking NMDA receptors (NMDARs) in CA1, but not in CA3, disrupt performance on trials using intermediate-term delays with the DNMP task. Short-term spatial working memory is spared in rats with lesions or pharmacological disruption of the CA1 subregion on spontaneous object exploration paradigms and also in paradigms assessing short-term retrieval function (i.e., Hebb-Williams maze, contextual fear conditioning, eight-arm radial maze) [8, 26, 27, 29, 30, 57] .
In order to clarify the functional specificity of the direct pp projection from EC to CA1, it is necessary to selectively suppress the pp input while maintaining intact projections from the CA3 subregion via the Schaffer collaterals (SC) and observe behavioral deficits in CA1-dependent processes. In a series of recent studies (see [57] ), it was observed that local infusion of apomorphine in the CA1 subregion is capable of producing selective deficits in spatial memory retention and retrieval of a modified Hebb-Williams maze and contextual conditioning of fear using a 24-h delay, while sparing short-term encoding. The same series of experiments demonstrated that apomorphine is capable of modifying synaptic transmission in the perforant path (pp) projection from entorhinal cortex (EC) to the CA1 subregion, while having little to no effect on the Schaffer collateral (SC) projection to CA1. These data and other models of EC-CA1 connectivity support a selective modulatory role for dopamine in the pp, otherwise known as the temporoammonic pathway [2, [10] [11] [12] 18, 31, 39] . Given these recent findings and the wealth of evidence that support the role of EC-CA1 in intermediateterm spatial memory, rather than via the trisynaptic circuitry (see [3, 6, 16, 24, 34, 43, 49, 54] ), it is of interest to selectively alter transmission of the direct pp with pharmacological methods to further investigate its functional specificity.
Here we propose that the direct entorhinal input to CA1 supports the comparative match-mismatch process in the context of detecting novel spatial relationships among objects and when there is an intermediate-term delay between contextual changes. Furthermore, we hypothesize CA1-EC connectivity is not involved during habituation or short-term working memory processes. The current study uses a non-selective dopamine agonist (apomorphine) to modify the pp input to CA1 and observe any behavioral deficits in spatial and non-spatial (visual object) novelty detection, and intermediate-term spatial working memory on a familiar and novel eight-arm maze. We predicted that similar to CA1-lesions, apomorphine would produce deficits in (1) spatial novelty detection while sparing ability to detect object novelty, and (2) intermediate-, but not short-term spatial working memory. It was also hypothesized that apomorphine would not produce any deficits in performance of a DNMP task when transferred to a novel context where relationships among the contextual stimuli remain the same. Lastly, we hypothesized that apomorphine would not produce any deficits when infused outside the CA1 subregion (i.e., CA3 or overlying cortex).
Materials and methods

Subjects
Ninety male Long-Evans rats (275-400 g) were housed individually in standard rodent cages and handled daily. They were maintained on a 12-h light/dark cycle. Fifty-eight rats were surgically implanted with cannulae in the CA1 region, 33 of which were used in the novelty-detection paradigm, and 25 were used on the eight-arm maze. Eighteen rats were surgically implanted with cannulae in the CA3 region, 6 of which were used in the novelty-detection paradigm and 13 were used on the eight-arm maze. Eight rats were selectively lesioned in the CA1 subregion using the axon-sparing neurotoxin, ibotenic acid and used on both tasks. Lastly, 6 rats were implanted with cannula in the cortex overlying CA1 and used on the novelty-detection task. Both behavioral experiments were performed during the light phase of the light/dark cycle. Each rat was allowed access to food and water ad libitum. All protocols conformed to the NAS Guide for the Care and Use of Laboratory Animals. The treatment of animals complied with all animal care guidelines that have been approved by the Institutional Animal Care and Use Committee (IACUC) and the University Animal Resource Center (ARC).
Behavioral apparatus-novelty-detection task
The behavioral apparatus was an open, circular cheeseboard maze (dryland version of Morris water maze). The maze (119 cm in diameter and 3.5 cm thick) was elevated from the ground (65 cm). One hundred and seventy-seven food wells (2.5 cm diameter and 1.5 cm deep) were drilled into the surface of the maze 2 cm apart. The entire maze was covered by an opaque, green curtain in order to prevent any distraction by the holes. The room was lit with fluorescent lighting and the maze was surrounded by walls with various two-dimensional (i.e., posters) and three-dimensional (i.e., shelving, chair) extramaze cues. A video camera was fixed to the ceiling and connected to a VCR and monitor in an adjacent room for recording behavior.
Behavioral method-novelty-detection task
The novelty-detection task involved seven 6-min Sessions on the cheeseboard maze separated by an inter-Session interval (ISI) of 3 min during which the rats were placed in an opaque box without any visual cues and brought to a separate room. Session 1 (familiarization) served as a measure of baseline activity and exploration of the context without any objects present. The circular area of the platform was divided into nine grid zones and exploratory behavior (i.e., crossing boundary lines with two hind paws) of each rat was observed on a color monitor and recorded for later analysis by an observer who was blind to the experimental conditions. After the conclusion of Session 1 and during the 3 min ISI, the experimenter placed five unique objects (A-E) onto the circular platform in a specific configuration described in previous studies [19, 29, 46 ] (see Fig. 1 ). Sessions 2-4 (habituation) retained the same configuration of objects. Session 3 (habituation-1) served to examine the effect of habituation to the configuration of objects; whereas, Session 4 (habituation-2) served to examine the effect of habituation after apomorphine or control injections.
Between Sessions 3 and 4, injections (0.4 l/site) of apomorphine (10 g, n = 11; 15 g, n = 11) or control vehicle (n = 11) were infused into rats with cannula in the CA1 region. Two groups of rats acted as anatomical controls, such that they received a moderately high dose of apomorphine (15 g) into cannulae implanted in the overlying cortex (n = 6) or the CA3 subregion (n = 6). The CA3 and overlying cortex control was necessary in order to investigate the potential action of apomorphine outside the hippocampus and in the overlying cortical region given its potential to spread in the dorsal direction up the cannula track into the overlying cortex. The chosen doses of apomorphine for this series of experiments were based on previous studies that injected similar doses of apomorphine locally [5, 21, 23, 25, 35, 50, 57] . A moderately high concentration of apomorphine was chosen as the lowest dose (i.e., 10 g), and a relatively higher concentration (i.e., 15 g) in which apomorphine-HCl remained soluble in vehicle (i.e., <1% DMSO in bacteriostatic water) was chosen as the higher dose. Apomorphine was prepared the day of testing in <1% DMSO (dimethyl sulfoxide) and bacteriostatic water. Control rats were injected with the vehicle only (<1% DMSO). Microinjection of drug/vehicle was made bilaterally via an injection needle (28 gauge) at a rate of 0.1 l/min using a 10-l Hamilton syringe (Hamilton, Reno, NV) and microinjection pump (Cole-Parmer, Vernon Hills, IL). The injection needle was left in place for 1 min after the injection to allow diffusion down the cannula. The ISI between Sessions 3 and 4 was approximately 15 min to allow time for injection after which time the rat was placed back into the testing environment and Session 4 was commenced.
Before Session 5 (Reconfiguration), two of the familiar objects were placed into a novel spatial configuration (see Fig. 1 ). One object was displaced to a completely novel location (i.e., object D) which also changed the entire configuration from a square shape to a polygon shape configuration (see Fig. 1 ). The other object (object E) was moved to a familiar location (i.e., the location previously occupied by object D. Session 6 (habituation-3) involved the same orientation of objects as Session 5. Session 7 (novel object introduction) involved the introduction of a novel object, where one object (i.e., object A) was replaced with a novel object (i.e., object F) and the rest of the objects remained the same as Session 6.
Data analyses-novelty-detection task
Locomotor activity was measured by the number of grid crossings for each group of rats across the 7 Sessions. Activity measures were summed and blocked in reference to the experimental manipulation of each Session (i.e., Block 1: Session 1; Block 2: Sessions 2-3; Block 3: Session 4; Block 4: Sessions 5-6; Block 5: Session 7). Similarly to previous studies, object exploration was indicated when the animal sniffed, pawed at, or oriented in such a way that visual gaze was maintained with the object from a distance of under 4 cm for greater than Fig. 1 . Schematic illustration of object configuration in the novelty-detection paradigm. Objects (labeled A-F) were placed in the corresponding arrangement during each 6-min Session with a 3-min inter-Session interval. Drug injection occurred between Sessions 3 and 4. During Sessions 5 and 6, two objects changed configuration (i.e., D and E). A novel object (i.e., F) was introduced and replaced object A in Session 7. 0.5 s [19, 29, 36] . Scoring was measured by observers viewing the VHS tape recording of such behavior. All observers were blind to the experimental conditions and there was strong inter-rater reliability among them. One second was given as the minimal contact time score given the technical difficulty in scoring at the millisecond resolution. Habituation of object exploration was calculated using a difference score, such that the time spent exploring each object in Session 3 was subtracted from the time spent exploring the same object during Session 2 (S.2-S.3). The same calculation was performed comparing Sessions 3 and 4 (i.e., after drug injection; S.3-S.4). A habituation index was then calculated as the arithmetic mean of the difference scores for all five objects (A-E) between Sessions 2 and 3 (habituation-1) and between Sessions 3 and 4 (habituation-2). A positive habituation index indicated that there was greater habituation to the array of objects or greater exploration in the earlier Session. A spatial novelty index was calculated to quantify the amount of exploration for the two objects that were displaced from their original locations after spatial reconfiguration (displaced object exploration). The sum of the exploration time of both of the displaced objects (i.e., objects D and E) during Session 4 was subtracted from the sum of the exploration time for the same objects during Session 5 (S.5-S.4). A more positive score indicated there was more exploration of the displaced objects. A spatial mismatch index was similarly calculated for the non-displaced objects as well (i.e., nondisplaced object exploration, objects A-C) in order to assess whether a spatial reconfiguration of two objects in the environment would result in general re-exploration of all six objects or a selective exploration of only the two displaced objects. Lastly, an object-novelty index was calculated by subtracting the average exploration time for the four familiar objects (objects B-E) from the time spent exploring the newly introduced object (object F) during Session 7 (novel object exploration, S.7 novel -S.7 familiar ). A positive score indicated that there was more exploration of the novel object. All indices were based on previous studies using similar methods [19, 29, 41] .
Behavioral apparatus-eight-arm maze
Two radial eight-arm mazes in different rooms were used for this experiment [26, 30] . Each maze was surrounded by 8-10 distinct visual cues around the testing room, each completely different from those in the other room. Each maze had a center platform with a diameter of 40 cm and eight arms 70 cm long and 9 cm wide. It also had Plexiglas walls 5.7 cm in height for each arm. Each of the maze arms had food wells 2.5 cm in diameter and 1.5 cm deep at their distal ends. Rewards (Froot Loops cereal; Kellog, Battle Creek, MI) were placed in these wells. The center platforms of both mazes were surrounded by walls made of transparent Plexiglas, so that rats could clearly see the extramaze cues. An opaque cylindrical bucket (38 cm in diameter and 75 cm in height), painted white on the inside, could be lowered over the center platform from outside the testing room in order to completely eliminate the detection of local or extramaze cues.
Behavioral method-eight-arm maze
All rats were pre-trained on a radial eight-arm maze using a DNMP paradigm [26, 30] . Each individual trial consisted of the rat visiting an arm (i.e., study arm) for a reward. The rat was then confined to the center platform underneath an opaque bucket for a short-term 10-s delay during which time doors for both an adjacent arm (choice arm) and the study arm were opened. The rat then had to choose the correct, unvisited, novel choice arm to receive a reward and complete the trial. If the rat selected the study arm (indicated by touching with both rear paws), it was recorded as an error, access to the choice arm was prevented and the trial was completed. The rat spent the inter-trial interval (20 s) on the center platform before the next study arm door was opened. On each trial, the study arm was randomly selected and the choice arm was always an adjacent arm on a randomly selected side of the study arm. This particular design prevented the rat from simply remembering the direction from the study arm and encouraged use of spatial cues. During behavioral training, 22 rats were randomly assigned to one maze, while another 21 rats were randomly assigned to the second maze to counterbalance possible influences of a particular room on learning. Eight trials per day were given using 10 s delays within each trial and with an inter-trial interval (ITI) of 20 s until rats reached a criterion (>95% correct choices) across five consecutive days. Each rat subsequently underwent surgical implantation of cannulae.
One week following surgery, rats were run daily on the same eight-arm radial maze used in training until criterion was met (>95% correct). Two groups of CA1 cannula rats (CA1-apo-10, n = 13; CA1-apo-15, n = 12) and one group of CA3 cannula rats (CA3-apo-10, n = 12) were then tested on the DNMP paradigm for the next 12 days (i.e., 8 trials/Block, 1 Block/day) using variable delays in which intermediate-term delays (i.e., 5 min; four trials) were randomly intermixed with the original short-term delays (i.e, 10 s; four trials). The first 2 days (Blocks 1-2) of eight trials were run after an injection of control vehicle, followed by 4 days (Blocks 3-6) that were run after an injection of apomorphine, and then another 2 days (Blocks 7-8) after injection of vehicle. All groups of rats were then tested for 4 days (Blocks 9-12) in a novel context maintaining the same DNMP rules from the familiar context and using variable delays. CA1-cannula rats (apo-10, n = 13 and apo-15, n = 13) were split into two groups (vehicle, n = 6; apomorphine, n = 7) for the purpose of having a control and drug group for comparison. The transfer of the animal to a novel maze aimed to test the rats' ability to maintain the rule-based components of the task while the contextual stimuli were novel, but the relationship among the stimuli remained similar. It has been shown previously that CA1-lesioned rats or rats injected with APV into CA1 show no deficits on short-term delays after transfer to a novel maze; however, CA3-lesioned rats do show deficits with 10 s delays. It was hypothesized that if apomorphine is acting only on CA1-dependent processing, no deficits would occur during short-term delays on a novel maze. All experimental procedures were exactly the same as those used in the familiar room.
Implantation of guide cannulae
Prior to testing, rats received chronic cannulae in the dorsal CA1 (n = 58), CA3 (n = 18), or cortex overlying CA1 (n = 6). Prior to surgery, rats were given an intraperitoneal injection of atropine sulfate (0.2 mg/kg, i.p.) to control for respiratory difficulties. Rats were then deeply anesthetized with sodium pentobarbital (Nembutal, 60 mg/kg, i.p.) and placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA) on an isothermal pad. The scalp was incised and retracted exposing bregma and lambda in the same horizontal plane. Small burr holes (2.0-mm diameter) were drilled bilaterally. Using stereotaxic coordinates, stainless steel guide cannulae (22-gauge, stainless steel; Plastics One, Roanoke, VA) with injection cannulae (28-gauge) protruding 1 mm below the cannula tip were then lowered bilaterally into the dorsal hippocampus or the overlying cortex using the following coordinates: CA1, 3.6 mm posterior to bregma, 2.2 mm lateral to the midsagittal suture, and 1.9 mm ventral from the brain surface; CA3, 3.6 mm posterior to Bregma, 3.6 mm lateral, and 3.6 mm ventral; cortical control, 3.6 mm posterior to bregma, 2.2 mm lateral to the midsagittal suture, and 1 mm ventral from the brain surface (see Fig. 2 for a representative pictograph). The guide cannulae were fixed with dental cement for which three small skull screws (1 mm) were previously screwed into the skull as anchors. Stainless steel stylets (28 gauge) with dustcaps, and no protrusion below the guide cannulae, then replaced the injection cannulae and were screwed in place to prevent occlusion. Following surgery, the rats were allowed to recover on a heating pad before returning to their home cage. Rats were given acetaminophen (Chil- dren's Tylenol) (∼150-200 mg/kg) dissolved in drinking water for 2-3 days post-surgery as an analgesic. Rats were given 1 week to recover from surgery. Handling continued post-operatively and during behavioral testing.
CA1 lesions
Eight rats were given selective neurotoxic lesions to the dorsal CA1 subregion. The same procedures were used to induce anesthesia and recovery as in cannulae implantation. Small burr holes were drilled into the skull at the following coordinates: 3.6 mm posterior to bregma, 1.0, 2.0, and 3.0 mm lateral to midline. An injection needle (28-gauge) was lowered into the three sites in the CA1 subregion (1.9 mm ventral from dura) and an injection of ibotenic acid (6 mg/ml; 0.1-0.15 l/site; 0.1 l/min) was slowly infused bilaterally into the pyramidal cell layers of the CA1 region in order to induce diffusion in both the longitudinal and mediolateral directions. Similar lesion techniques have been used previously to induce axon-sparing, subregion-specific damage [20, 26, 27] .
Histology
At the conclusion of testing, each rat was deeply anesthetized with an intraperitoneal injection of sodium pentobarbital (1.0 ml, 70 mg/ml) and perfused intracardially with normal saline followed by a 10% formalin solution. Rats with cannulae were injected with a Chicago blue dye solution (0.4 l) prior to pentobarbital. Each brain was then stored in a 10% formalin/30% sucrose solution at 4 • C for 72 h, frozen (−18 • C) and cut in 40 m coronal sections on a cryostat. Every third section was collected on a glass slide and stained with cresyl violet. These sections were visually examined under a light microscope and under high magnification for histological verification of the cannulae and spread of Chicago blue dye. Approximate spread of the dye was indicated by circular shading in Fig. 2 . Quantitative analysis of lesioned animal brains were performed using the imaging software (ImageJ, NIH, Washington, DC). Cresyl violet stained and mounted sections of brain tissue were photographed at a high resolution, zoomed (1:32 to 32:1), RGB pixels were converted to brightness values, and volumetric differences in cell count were analyzed and reported as mean ± S.E.M. difference from control.
Results
Histology
Histological analyses revealed accurate placement of all cannulae. Fig. 2 depicts a representative pictograph along with an illustration of the cannula tip positions. The injection cannulae were all located bilaterally within the dorsal CA1 subregion (n = 58), dorsal CA3 subregion (n = 18), and the overlying cortex (n = 6). Additional analyses revealed that the volume used for injection did not diffuse beyond the intended subregions. Traces of Chicago blue were found in CA1-cannula rats to be confined to the area above the granule cell layer of the dentate gyrus and lateral to the injection sites throughout the CA1 stratum. Traces of Chicago blue were found in CA3-cannula rats to be confined to the CA2/CA3 pyramidal cell region (see Fig. 2 ). It should be noted that the diffusion of the Chicago blue solution is only an approximation of the diffusion of apomorphine with the same volume. Serial coronal sections (40 m) of the dorsal hippocampus (n = 15 for each animal) from the CA1-lesion group of animals were carefully examined under high magnification for the existence of intact pyramidal cells in CA1 compared with those from a control brain. Quantitative analyses showed the extent of CA1 lesions in all animals (1.9-4.3 mm posterior to Bregma) to have ∼82 ± 10% reduction in pyramidal cells. Quantitative analysis also showed minimal damage of pyrami- dal cells in area CA3 (2.5 ± 3.14%), minimal damage to granule cells in the dentate gyrus (1.6 ± 1.23%), and no visible damage in the overlying cortex. . In general, all groups displayed decreased locomotor activity across Sessions indicating habituation to the familiar environment. A two-way mixed ANOVA with groups as the between subjects variable and Blocks of grid crossings as the within subjects variable revealed no differences among the groups (p = 0.432); however, there was a significant effect for Blocks (F(4,188) = 333.93, p < 0.001). These results indicate general habituation to the testing environment and a significant decrease in locomotor activity across Blocks (Fig. 3a) .
Sessions 1-3: locomotor activity and habituation to objects
Although locomotor activity across Sessions illustrated general habituation to the testing environment, it was also of interest to examine habituation to the objects within the environment with or without the influence of apomorphine. Fig. 3b demonstrates habituation to the specific configuration of objects between Session 2 (introduction of objects) and Session 3 (habituation-1). Fig. 3b also illustrates changes in habituation to the configuration of objects between Sessions 3 and 4 after the injection of either apomorphine or control vehicle (habituation-2). A one-way ANOVA for the habituation-1 and habituation-2 indices was performed and revealed no significant differences among the groups (habituation-1, p = 0.818; habituation-2, p = 0.119). As predicted, apomorphine does not appear to have affected the general decrease in exploration of the configuration of objects from Sessions 3 to 4.
Sessions 5-6: detection of spatial and object novelty
The spatial reconfiguration did not appear to affect the amount of exploration for the non-displaced objects (i.e., objects A-C). A one-way ANOVA showed no significant differences among the groups in terms of exploration of the non-displaced objects (p = 0.904). As predicted, apomorphine does not appear to affect re-exploration of non-displaced objects after the general configuration of objects is changed. In contrast to the decrease in exploration of non-displaced objects by all groups, there were significant differences in exploration of the displaced objects (i.e., objects D and E) in the CA1-lesion group and both groups administered apomorphine into the CA1 subregion; whereas, apomorphine produced no significant deficits in exploration when infused into the CA3 subregion or overlying cortex (Fig. 4, displaced object) . A one-way ANOVA showed a significant effect for the amount of re-exploration of objects D and E among groups (F(5,47) = 10.831, p < 0.001). A post hoc analysis (Tukey-HSD) indicated that the CA1-lesion group, apo-10, and apo-15 groups all significantly explored the displaced objects (i.e., objects D and E) less than the control group (p < 0.01). There was no difference in exploration of displaced objects between the control group and either group infused with apomorphine into areas outside the dorsal CA1 subregion (i.e., cortical-control, p = 0.999; CA3-control, p = 0.383). The post hoc analyses further revealed that the two anatomical control groups (cortical-control and CA3-control did not significantly differ from each other. Furthermore, the cortical control group was significantly different from both groups of rats infused Fig. 4 . Exploratory behavior for displaced objects, non-displaced objects, and object-novelty for a newly introduced object is shown based on calculation of indices described in the text. Average index ± S.E.M. for each group is indicated. with apomorphine into CA1 (i.e., apo-10, p < 0.001; apo-15, p < 0.001). Contrary to our prediction, the CA3-control group did not significantly differ from the apo-10 group (p = 0.108), nor from the apo-15 group (p = 0.58). Additionally, the CA1-lesion group did not significantly differ from the cortical-control group (p = 0.078), nor from the CA3-control group (p = 0.787). It is certainly possible that the minor graded effects observed in the amount of exploration by the CA3-control group may be attributable to diffusion, for the effect was minimal outside CA1 and very robust when apomorphine was infused into CA1. Overall and as predicted, apomorphine appears to produce marked impairments in re-exploration of familiar objects moved to novel locations as well as familiar objects moved to a new, but familiar location when injected into the CA1 subregion of the hippocampus compared with vehicle or injections into CA3 or overlying cortex (see Fig. 4, displaced objects) . Fig. 4 , novel object depicts the novel object detection index derived from exploration of object F in Session 7. The results indicate that none of the experimental groups showed any deficit in exploration of novel objects introduced into a familiar context (see Fig. 4 , novel object). A one-way ANOVA showed no significant group effect (p = 0.755). The results suggest that apomorphine does not disrupt the mechanisms inherent in the hippocampal circuitry sufficiently to produce deficits in detecting the introduction of novel objects into familiar spatial locations.
Apomorphine disrupts intermediate-term working memory
The results indicate that apomorphine produced deficits in intermediate-term delays on the DNMP behavioral task for the group of rats administered apomorphine into the CA1 cannulae (Fig. 5 ). There were no significant deficits associated with apomorphine infusions during short-term delays on the DNMP task and there were no significant deficits associated with apomorphine infusions into the CA3 subregion. A two-way mixed ANOVA with groups [Apo-10, Apo-15, CA3-control] as the between subjects variable and Blocks of trials [Block 1-8] as the within subjects variable was completed for the performance (10-s delays and 5-min delays) on a familiar maze and also for performance (10-s delays and 5-min delays) on a novel maze. A separate analysis was performed between the CA1-lesion group and the four Blocks of control infusions. For the purpose of this analysis, rats injected with control vehicle into CA1 were combined from both the apo-10 and apo-15 groups of rats for analysis on the basis that the groups did not significantly differ from each other. At short-term delays (10-s), the analyses revealed no significant effects of Blocks of trials (p = 0.08), nor any interaction (p = 0.64), nor an effect of group (p = 0.33) (see Fig. 5b ). The separate analysis conducted for the CA1-lesion group also showed no significant deficits from control infusions into CA1 cannula (p = 0.534), nor did it reveal any significant effects of Blocks (p = 0.29), nor an interaction (p = 0.26) (see Fig. 5c ). These results suggest that neither CA1-lesions, nor apomorphine produce impairments in performance in spatial working memory at short-term delays. At intermediate-term delays (5-min), the anal- . Four 5-min delay trials were randomly intermixed with four 10-s delay trials. Blocks 1-2 were run with control-vehicle injections; Blocks 3-6 were run with apomorphine injections; Blocks 7-8 were run again with control-vehicle injections; Blocks 9-12 were run with either apomorphine or control vehicle on a novel maze. For the purpose of analyses and graphing, performance during 10-s and 5-min delays are shown separately. (b) Comparison of performance (percent correct) ± S.E.M. on DNMP task using a familiar maze and short-term (10-s delays) is shown among groups (CA1 and CA3 cannula groups injected with apomorphine or control vehicle (<1% DMSO)). (c) The CA1-les group was only tested on four Blocks for each maze and is therefore shown separately compared with performance of rats injected with control vehicle. Performance ± S.E.M. using a familiar maze and short-term delays is shown. (d) Performance ± S.E.M. using familiar maze and intermediate-term (5-min delays) is shown among groups. Apomorphine produced significant deficits in performance when injected into the CA1 subregion. (e) Performance ± S.E.M. using a familiar maze and intermediate-term delays is shown between CA1-les and control groups. CA1 lesions produced deficits similar to apomorphine at intermediate-term delays.
ysis revealed a significant effect of Blocks [F(7, 238) = 22.01; p < 0.001], a significant interaction [F(14, 24) = 3.70; p < 0.001], and a significant effect of group [F(2, 34) = 18.06; p < 0.001] (see Fig. 5d ). On further exploration of the interaction, a post hoc analysis (Tukey's HSD) revealed that compared to control infusions (in Blocks 1-2, 7-8), infusions of apomorphine into CA1(apo-10, apo-15), but not into CA3 (CA3-apo10) significantly impaired performance (p < 0.01) in spatial working memory at intermediate-term delays (in Blocks 3-6). The posthoc analysis also revealed that Blocks 1, 2, 7, and 8 did not significantly differ from each other (p > 0.05). Compared to both apomorphine groups (apo-10, apo-15), the CA3-control group (CA3-apo10) significantly differed in performance (p < 0.001); thus, there was no significant effect on groups administered apomorphine into areas outside the CA1 subregion. The separate analysis conducted for the CA1-lesion group revealed no significant effect of Blocks (p = 0.53) nor an interaction (p = 0.80), but did reveal that the CA1-lesion group significantly differed from infusions of control solution into CA1-cannula [F(1,41) = 96.43; p < 0.001] (see Fig. 5e ). The results support our hypotheses and suggest that apomorphine acts directly in the CA1 subregion to selectively disrupt intermediate-term spatial working memory.
It was further hypothesized that performance on a maze (using short-term delays) in a novel context would not be disrupted by CA1 dysfunction whether by lesion or by apomorphine. At short-term delays, the analyses revealed no significant group deficits (p = 0.925) nor any interaction effects (p = 1.00) (see Fig. 6a ). At intermediate-term delays, the analyses revealed a significant effect of group [F(4, 38) = 13.65, p < 0.001] (Fig. 6b) . Although there appeared to be a greater deficit on the first 2 Blocks compared with the last two Blocks on the novel maze, there was no significant effect of Blocks of trials on the novel maze (p = 0.075). A post hoc analysis (Tukey's HSD) revealed that compared to control infusions, across Blocks, CA1-lesions and infusions of apomorphine (apo-10, apo-15) into the CA1 cannulae produced significant impairments (p < 0.001) on performance in the novel 8-arm radial maze. There was no significant effect on groups administered apomorphine into areas outside the CA1 subregion (i.e., CA3-apo10, p = 0.99). The CA3-control group was also significantly different from the CA1-lesion group and both of the groups (apo-10, apo-15) administered apomorphine into the CA1 cannulae on the novel 8-arm radial maze (p < 0.05).
Discussion
The main contributions of the present study to our functional understanding of the direct cortical projection to the CA1 subregion are threefold: (1) EC-CA1 synaptic transmission appears to play an active role in intermediate, but not short-term working memory and comparative match-mismatch processes underlying spatial novelty, but not object-novelty detection.
(2) The non-selective dopamine agonist, apomorphine appears to produce a disruption that is selective to the dorsal CA1 subregion and in CA1-dependent memory processes. This is in comparison to the observed absence of disruption after an injection of apomorphine into the CA3 subregion or overlying cortex. Minor effects observed for the CA3-control group in the novelty-detection paradigm may be accounted for by diffusion of apomorphine from the CA3 injection site to CA1. These observations also indicate that the comparative match-mismatch process for memory guided exploration of visual objects and the spatial configuration of objects can be dissociated from the detection of novelty alone. (3) Lastly, the present data support a role for dopamine in modulating CA1 function.
Our data support the comparative match-mismatch operation in EC-CA1 circuitry that function to detect a mismatch in the current associative (i.e., spatial and visual object) input from previous input to determine novelty. Many computational models of hippocampal function that include a representation of CA1 implicate the subregion in a functional "comparator" operation between SC input and the direct cortical input [16, 22, 37, 44, 55, 58, 59] . The input to CA1 via the SC axons of CA3 cells terminate in the proximal stratum radiatum (s. rad) layer, whereas the input from the direct pp projects from Layer III of EC to the most distal dendrites of stratum lacunosum moleculare (s.l-m) [7, 52, 59] . Recently, there has been clear physiological and neuromodulatory evidence for a differentiation between the SC and pp inputs into the CA1 subregion, further suggesting a need to functionally disambiguate the role of each projection. Electrophysiological studies both in vivo and in vitro have only recently begun to show the vital importance of the direct cortical input in models for CA1 function and provide increased support for comparative match-mismatch functions in this region [3, 6, 14, 16, 22, 33, 34, 43, 44, 49, 54, 56, 57] . For example, restricted lesions that target the trisynaptic circuitry (CA3, DG) do not produce impairments in the development and stability of place cells in CA1, nor do such lesions produce deficits in place retention or recognition; however, targeted disruption to EC-CA1 circuitry produces deficits in retention and retrieval over intermediate-term delays and memory consolidation processes [3, 34, 43, 49, 57] . There is evidence that the maintenance of behaviorally significant place-cell activity in CA1 is independent of trisynaptic input and can be controlled by frequency-dependent output from EC to CA1 and modulatory effects of EC-CA1 activity on SC efficacy and plasticity [3, 17, 42] . These data are further supported by reports of cellular and molecular activity in CA1 during the intermediate-term time delays involved in working memory (i.e., DNMP) and consolidation processes. For example, there is evidence for neural activity in CA1 firing differentially for match and non-match trials during a delay period for a delayed non-match-to-sample task [40, 45] , and other data demonstrating increased expression of LTP-related immediate early genes (IEGs) (i.e., BDNF, zif268, c-FOS, and JUNB) in dorsal CA1 within 24 h after the exposure to learning [1, 9, 13] . These data suggest CA1 processes comparisons among relevant stimuli and abstractions of the relevant spatial relations of the stimuli during a delay period of up to 24 h after learning in which the information may continue to be relevant.
The present study takes advantage of two paradigms in which the comparative match-mismatch function can be tested, such that infusion of apomorphine prior to performance of a spatial working memory or spontaneous exploration task produces deficits in spatial navigation and detection of spatial novelty. In the eight-arm maze, during a 5-min delay, the animal must actively maintain the representation of the study arm in which it received a food reward so that when presented with a choice, it may choose the non-match, or novel choice arm to receive the food reward. In the novelty-detection paradigm, the animal actively maintains the configuration of objects during the approximately 15-min delay between Sessions 3 and 4 in which it receives apomorphine injections. Previous behavioral studies have demonstrated that disruption to EC-CA1 circuitry by either CA1 lesions, CA1 inactivation, glutamate receptor blockade, or by a dopamine agonist, produces deficits in retention and retrieval of spatial information relevant to maze navigation and context-associated fear [6, 26, 27, 30, 57] . It appears that the computational process underlying the comparative match-mismatch operation in EC-CA1 is susceptible to disruption at a delay of at least 5 min and up to 24 h, while sparing short-term or immediate recall, encoding, and thus acquisition of spatial information necessary for goal-directed navigation, and cue/context-associated fear. Accordingly, we propose that EC-CA1 synaptic function does not support comparative operations that involve habituation or detection of object novelty alone. It is likely that match-mismatch operations may be occurring during habituation and in the short-term, but the current data propose that dysfunction in the CA1 subregion vis-à-vis neurotoxic lesions or modification of synaptic activity between CA1 and EC vis-à-vis hyper-dopaminergic states, disrupts only intermediate-term maintenance of contextual information necessary to detect configuration changes. When the spatial configuration does not change, as in habituation-1, -2, or of the re-exploration of nondisplaced objects in the novelty-detection task, no deficits are observed. Apparently, the effect of apomorphine in CA1 is capable of producing deficits in exploration only when there is a spatial change from expectation (i.e., spatial novelty) in the configuration. Similarly, when there is a change in context and associative input (i.e., visual object-place) is maintained, EC-CA1 does not appear to be necessary for performance. The current data indicate that apomorphine does not disrupt performance when rats are transferred to a novel eight-arm maze. We propose that the hippocampus may not be necessary for the comparator function, but that EC-CA1 function is specifically involved in the context in which the experience of a particular spatial configuration must be held in an intermediate-term memory (5 min to 24 h) store and novelty based on associative information must be determined.
The current data from this series of behavioral experiments is supported by previous electrophysiological data that indicate apomorphine selectively modifies evoked responses in EC-CA1, while having little to no effect on the SC projection to CA1 [57] . Other studies have also shown dopamine to have a selective modulatory influence over the pp input to CA1 [9, 31, 38, 39] . The specific effects observed with apomorphine in CA1 are additionally supported by the findings that have localized dense mesencephalic projections and high levels of DA receptors in dendritic layers of CA1 that receive afferent input via the pp [2, 4, 9, 11, 12] . Thus, the observed deficits are assumed to be attributed to apomorphine acting on those receptors specifically.
It has been suggested that increased availability of dopamine to a certain threshold within mesolimbic (i.e., VTAhippocampus) circuitry may provide a means to disrupt or "switch" ongoing informational processes to allow for the initiation of, or detection of novel information processes [33, 53] . Depending on the level of dopamine, the "comparator" role of CA1 may essentially fluctuate between the computational algorithm necessary for either encoding or recall. Hasselmo and co-workers propose specific encoding/retrieval dynamics [14, 15] , in which a mismatch between SC-and EC-CA1 inputs would result in high levels of cholinergic modulation. This modulatory change supports the appropriate dynamics for learning, such that the autoassociative network in CA3 is strengthened and CA3-CA1 synaptic connectivity is suppressed. The Hasselmo model further suggests that EC-CA1 activity is necessary for context-dependent retrieval and proposes a role for dopamine in modulating the spatial and temporal context, which consists of a decaying store of prior associative object-place input [14, 16, 49] . The current data supports Hasselmo's model such that increases in dopamine availability in the CA1 region appears to interfere with the comparator match-mismatch function by interfering with the matching of information arriving via the SC input with the direct cortical input and reception of current sensory information. Thus, selective disruption of the pp input to CA1 will prevent proper detection of spatial novelty and alter the nature of processes underlying maintenance and retrieval of relevant spatial information.
In summary, this model of dopaminergic modulation has provided evidence to functionally differentiate the two projections into the CA1 subregion and facilitate the elucidation of hippocampal circuitry and its interaction with the entorhinal cortex. The present study showed deficits in two tasks that are apparently sensitive to CA1 dysfunction. These data are consistent with models of CA1 fulfilling a comparator role in detecting changes in spatial configurations and maintaining spatially relevant information for intermediate-term working memory, while sparing short-term working memory and detection of object novelty. The general effect of apomorphine leads us to assume that apomorphine acts directly on the pp input to CA1 and produces deficits in processing behaviorally relevant sensory information. This model for isolating the CA1 region from receiving intact sensory information from cortex may also elucidate sensory processing deficits associated with dopaminergic hyperfunction and schizophrenia. Future studies may clarify the roles for different inputs to the hippocampus by developing more sophisticated models of spatio-temporal dynamics that involve interaction with the sensory environment during exploration and memoryguided behavior. Furthermore, specific lesion techniques that may allow one to selectively destroy pp fibers coming from EC Layer III and projecting to CA1 without producing seizurelike activity. Other studies may also test other neuromodulatory differences between the two projections to CA1 and thus continue to elucidate functional interactions between cortex and hippocampal subregions.
